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I. INTRODUCTION AND SUMMARY 
Sputtering o r  ionic erosior, of the accel electrode and focusing 
structure of the ion rocket engine can be the dominant mechanism limiting 
long t e r m  operation of the engine. Although the field of sputtering has 
been known since the phenomenon of gas discharge was first observed, 
no reliable theory to predict the yield, angular distribution, and 
velocity spectrum has been developed. Furthermore,  it has only been 
within the past few years  that experiments have been made under 
suitably defined conditions. 
either cesium or  mercury  beams s o  that it is difficult to  predict the 
electrode erosion on the basis of previous data. F o r  these reasons,  
the Lewis Research Center has sponsored detailed investigation of the 
sputtering of single crystals  of suitable electrode mater ia l  under cesium 
and mercu ry  ion beam bombardment where the target parameters  such 
a s  temperature,  angle of incidence, etc., a r e  well known and varied 
over the range of interest .  
In addition, there has been little work with 
The University of California (Berkeley) Space Sciences Laboratory 
began an investigation of this field ear ly  in  1964. 
submitted as a report  of progress in this investigation for the period of 
t ime f rom February through April, 1966. 
This document is 
Apparatus for mercury  ion sputtering using radioactive t r ace r  
analysis has  been completed, 
successfully completed. Apparatus for  cesium ion sputtering has been 
improved, and ability to analyze the resul ts  by electron microprobe of 
the collector faces has been demonstrated. 
investigation of surface roughening during ion implantation is in progress.  
An initial experimental run has  been 
A detailed experimental 
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Initial results a r e  reported. 
molybdenum for  incident ion variation f r c , ; n  1 t o  7.5 KeV and target  
temperature variation f rom 77UK to 200°C; have beer, completed. 
importance of thermal  annealing on incident ion penetration is  
emphasized. 
for  measurement  of the neutral particle velocity spectrum and in 
developing a method for  measurement of surface density through proton 
induced x- ray  techniques a r e  described. 
iLleiisjUreiiitiit ui cesium ion sputtering of 
The 
Continued efforts in developing a t ime -of -flight technique 
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LI. MERCURY ION SPb'PTER.UVG''' 
Additional analyses of the i i - e r c  L / . . . . i : : l  E l d t r e  been completed. 
The beam composition at the entrance ' f f  ' I  / - _  f I ! amber  under 
typical operating conditions has been determined magnetically to consist 
of Hg' and Hge ions only. The ratio of Hg+/I-lg* can be controlled f rom 
grea te r  than 200 down to  about 10 by varying the a rc  voltage f rom 30 to 
100 V. As t ime permits,  the possibility of obtaining a Hg* beam of 
sufficient magnitude to be used f o r  meaningful sputtering will be examined. 
At the target  position, the energy distribution of the Ilg+ beam has been 
determined by a retarding potential method fo r  an 8.0 KeV beam. For  
this beam, AE/E was approximately 3%- The ion beam profile at the 
target was investigated for  energies of five through ten KeV. 
that f rom 7070 to grea te r  than 99% of the ion beam hit the target  within a 
radius of th ree  mill imeters.  
to 30% of the beam; hence for  energies below six KeV a different 
collimator will be used. 
held at 8 KV and the target assembly floated to cover the given energy 
range. 
the target  at -1 0 KV thereby obtaining Hg' ion energies up to 20 KeV. 
0 
It was found 
At 5 and 6 KeV the collimator intercepted up 
During these measurements  the source was 
The hope is that it will be possible t o  hold the source at 10 KV and 
A trial angular distribution measurement  was made using ten KeV 
0 
Hg+ions on a monocrystalline Cu t a rge t  at 293 K. 
with the < loo> direction parallel to  the ion beam. 
determined by the same radioactive t r a c e r  technique that was used i n  the 
The target  was aligned 
The distribution was 
.I. -r 
The work reported in this  section was performed by R. G. Musket 
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sputtering of Cu and Mo by Cs'. 
Figure 2 gives the angular values ( 8 , 4 , An) for the individual collectors. 
The relative angular yield and other data a r e  given in  Figure 3. 
be noted that those par ts  of the 2 TT solid angle not subtended by aluminum 
foils, where the front foil covers that par t  of the collector shell not 
sectioned; the back refers to the foil i n  plane of target ,  and the top and 
bottom complete the 217 enclosure. 
residual gas to the target  removal r a t e  by sputtering can easily be 
determined (from Figure 3) to be l e s s  than .08. 
prevented obtaining a smaller  value during t h i s  measurement. 
expected that this can be improved to at least  .02. 
that  a concentration of sputtered Cu is  in  evidence near collector number 
56. This spot corresponds to <110> direction in the crystal. 
The coilector is shown in Figure 1. 
It should 
The ratio of the a r r iva l  ra te  of 
Vacuum problems 
It is 
It should be noted 
The electron bombardment source has been operated with argon 
thereby producing a 900 v a m p ,  3 KeV Ar' ion beam at about 2 x 
Torr. 
sys tem a s  a whole. 
This demonstrates the versati l i ty of the source and hence the 
It is expected that i n  the next quarter  most of the Hg+ion sputtering 
will be obtained. 
-5 - 
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u1. SURFACE DENSITY MEASUREMENTS’” 
The surface density of ~ x y c ; ~ n  atoms on an aluminum substrate 
may be determined by detecting and counting characterist ic oxygen 
x-rays produced by bombardment with a 100 KeV proton beam using a 
g a s  proportional counter, coupled with suitable pulse height discrimina- 
ting and pulse counting equipment. 
Due to the low energy of the characterist ic oxygen x-rays (500 eV), 
the proportional counter window must be extremely thin for adequate 
t ransmission and yet be able to  withstand the necessary proportional 
counter gas pressure.  
by requiring that at the malrimum counter voltage the gas multiplication 
be large enough to produce pulse heights fo r  the characterist ic oxygen 
x-rays above the noise level of the pulse amplifying equipment. 
The minimum gas pressure required is established 
2 In previous reports  a technique for  preparing thin alumina windows 
(4000& in  aluminum foil was described. 
was found to withstand approximately 40 Torr gas pressure.  
This type of window assembly 
Characterist ic oxygen x-rays were produced by bombardment of 
an anodized aluminum target with the duoplasmatron ion beam. It was 
found that the pulse heights corresponding to the characterist ic oxygen 
x- rays  were l e s s  than the noise level of the electronic equipment at the 
maximum permitted proportional counter pressure of 40 Torr. 
it was necessary to decrease the electronic noise level and modify the 
window assembly for  higher gas pressures .  
Consequently 
:g 
The work reported in  this section was performed by R. R. Hart  
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Several cominercial pulse pieailipiifiers and amplifiers were 
tested fo r  their  low noise characterist ics.  The best resul ts  were 
obtained with field effect transistor preamplifiers and pulse shaping 
l inear amplifiers. 
is due to  a r r ive  in May. 
Accordingly, such a system has been ordered and 
The counter window assembly was modified so as to permit higher 
counter gas pressures  by anodizing a 1/16 inch thick aluminum plate 
instead of aluminum foil and then chemically removing the aluminum 
in  the center of the plate leaving an alumina window ( -  4000.&. 
modification considerably increased the burst  pressure for the 
window, since the aluminum plate is rigid whereas the aluminum foil 
is able to flex under pressure.  
This  
Further  backing for  the window was provided by placing a 
commercially available fine mesh nickel screen (250 lines/inch, 707' 
transmission) on the window. The screen  was f i rmly  held in place by 
a b r a s s  weight. This type of window assembly was found to  withstand 
greater  than 100 T o r r  g a s  pressure for a 5/16 inch diameter window. 
At those higher proportional counter gas  pressures  and with the 
low noise pulse amplifying system, it is expected that the oxygen x- ray  
peak will  be well above the electronic noise. 
next quarter in addition to installing a beam analyzing magnet due to  
a r r ive  in June and designing a target assembly. 
This point will be tested 
c 
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4. 
IV. ALUMINUM SPUTTERING-” 
The experimental arrangement for determination of the angular 
distribution of sputtered aluminum atoms is now completed and i s  in  the 
process of being tested for leaks and ion beam transmission. 
Extremely high r e  solution is available using the electron microprobe 
to  scan the collecting cubes to determine the surface density of the 
sputtered aluminum. 
the measurement i s  then the solid angle that the t a r g e t  makes with any 
point on a collector cube. F o r  this reason, a new strong focusing lens 
system was installed. 
an expected diameter of about 1 / 8  inch. 
is expected which will produce a higher current density than previously 
realized. 
was installed to  allow the source chamber to  be sealed off following a 
sputtering operation. 
immediately without having to wait for the tungsten t i p  to cool. 
The limiting factor in the overall resolution of 
The beam a r e a  on the target  will be diminished to 
In addition a higher total current 
A valve to  separate the source chamber f rom the target  chamber 
This allows the target  chamber to be opened 
Prel iminary checkout runs on the new system will begin shortly 
and will include the use of an image converter which will visually display 
on a fluorescent sc reen  the size,  shape and orientation of the ion beam. 
A great  deal of effort has been put into the preparation of the 
copper collecting cubes and the single crystal  aluminum target. 
both the sputtering and the electron microprobe analysis a highly polished 
surface is necessary. 
f r o m  a 1/16 inch diameter circle,  about 3 microns will be removed. 
Fo r  
It i s  estimated that to sputter away 100 pgm of Al 
* 
The work reported in this section was performed by E. H. Hasseltine 
~ ~~~~ 
1 
5 I 
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A surface with defects less  than 1 micron at the v e r y m o s t  is necessary 
then for  angular distribution measurements. The electrons f rom the 
electron microprobe will penetrate f rom 1 to 3 microns,  and clearly 
here  again the surface must be f ree  of defects down to fractions of a 
micron o r  else the electrons and resultant x-rays will be attenuated 
non-uniformly. 
successive applications #240, #400, and #600 gri t  grinding papers. 
surfaces were then lapped using a #1400 grit  in lapping solution. 
polishing paste was then used to take the surfaces  down to 6 microns and in  
some cases  1 micron. 
of 0.05 micron alumina particles. 
under 1200 x magnification. 
the electron microprobe to determine residual aluminum on the surface 
due to  the polishing. 
aluminum channel is noted, but the effect will not have a significant effect 
on the angular measurements.  
The copper cubes were polished mechanically using in 
The 
Diamond 
A final polishing was performed using a s lur ry  
The surfaces have no visible defects 
The polished cubes have been examined with 
A slight increase in  background counts i n  the 
The aluminum target  i s  a (100) face single crystal  grown by a 
Bridgman process. 
a 1 2  par ts  phosphoric, 2 parts sulphuric, 1 par t  nitr ic acid solution at 
90 - 9 5 O .  
was then mechanically polished i n  two steps using 14 micron and 1 micron 
diamond paste. 
as the mechanical polishing deforms the surface. 
therefore  removed by electropolishing in  a 20% perchloric acid in methyl 
alcohol solution at -50 C. 
that this procedure gives a satisfactory single crystal  surface. 
a 1200 power microscope could reveal no defects. 
The crystal  as grown was chemically polished using 
This was done primarily to  remove the oxide layer. The crystal  
The crystal  could not be left i n  this condition, however, 
A surface layer was 
0 X-ray photographs of the crystal  showed 
Once again, 
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The procedure for the use of the electron microprobe appears  to 
The x-ray counts obtained a r e  expected be satisfactorily established. 
to indicate the relative surface concentrations of aluminum. 
various correction factors would need to  be applied, but for the very  
thin films being examined here ,  incident and take off angles will have 
negligible effect. 
by copper x-rays is avoided by keeping the electron beam energy lower 
Normally 
Fluorescent yield due to excitation of aluminum x-rays 
than the excitation energy of the copper x-rays. 
f o r  the copper K se r i e s  is 9.0 KeV, while for  aluminum, the K 
excitation energy is 1.6 KeV. 
1.1 KeV, so that it can not excite the aluminum. 
The excitation energy 
The L excitation energy for copper is  1 
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V. SPUTTERED ATOM ENERGY SPECTRL’M MEASUREMENT” 
In order  to obtain lower pressures at the target  surface and in 
the mass spectrometer ionizer, a separate chamber has been designed 
and constructed to house the cesium ion source. Differential vac-ion 
pumping of this chamber, which i s  connected to the target  chamber by 
a low conductance collimating slit, should reduce the target  chamber 
pressure  by an order  of magnitude. 
provides needed room for  a long focal length einzel lens  system fo r  
focus and t ransport  of the beam to the target  surface.  
are mounted in  front of the collimating slit but downstream f rom the 
lens assembly. 
In addition, the new chamber 
Deflection plates 
P rogres s  in testing the ion source optics, chamber, and deflection 
system has been hampered during the past quarter  by needed repair  to 
the ion source. This problem was further compounded by breakage in 
delivery of the repaired source. 
that the source will be available for  full time operation during the next 
quarter.  
is expected. 
The vendor has offered his assurances 
Assuming this is the case, final testing of the pulsed ion system 
4 
The problems noted in the previous report  concerning reduction 
of the signal to  noise ra t io  resulting f rom multiplier noise and R F  pickup 
have been successfully solved through use of a charge sensitive pre- 
amplifier mounted directly on the quadrapole output flange. 
now have a r i s e  t ime shorter  than 0.5 ysec. and exceed the noise and 
The pulses 
.I -4- 
The work reported in  this section was performed by M. Kosaki and 
H. P. Smith, Jr. 
pickup by over a factor of ten. 
wi l l  be completed during the next quarter.  
an operating ion source,  should allow initial measurement of the 
energy spectrum. 
Fhai sLdling and counting techniques 
Ti:is, in  conjunction with 
-11- 
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VI. ION IMPLANTATION* 
Obtaining meaningful resc:: s on the penetration of cesium ions 
under near - saturation conditions by electrolytic stripping of an 
irradiated target requires that the implantation process  produce as few 
surface i r regular i t ies  as possible. 
noted in our ear l ie r  experiments with 35 KeV cesium ions on copper, 
To minimize the i r regular i t ies  
electrodes capable of sweeping the ion beam sinusoidally ac ross  the 
target  at a frequency of 200 cycles/sec have been installed and tested. 
During this modification a fracture of the molybdenum tube which 
provides cesium to the porous tungsten ionizer was repaired. 
modifications were made to  operate the ion source at 20 KeV positive, 
thereby reducing arcing problems and increasing the current and 
accelerating -voltage capability of the experiment. 
been reassembled and successfully operated at 20 KeV and 100 pa output. 
Also, 
The apparatus has 
A potentiometer circuit f o r  electropolishing aluminum targets  has 
been assembled and operated. 
A monocrystalline aluminum target has  been bombarded with a 
16 p a  beam of 10 KeV cesium ions, with the beam swept over a target 
region of 2 x 4 mm, achieving an irradiation of 0.865 x 1019 ions/cm2 
in  2 hours. 
shown in  Figure 4. This photograph indicates sub-micron pits in the 
outermost region of the irradiated area.  Considerably l e s s  pitting is 
observed nearer  the center of the target ,  and these marked differences 
Some microscopic surface roughening is still observable, as 
* -I- 
The work reported in this section was performed by W. Siekhaus, 
G. Moreau, and T. H. Pigford 
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a r e  probably not due to the sinusoidal nature of the deflection beam 
deflection. The beam current 5 E sufficient to operate at considerably 
la rger  deflections, and experiments a r e  now underway to  avoid these 
presently unidentified edge effects b y  this means. Once a reasonably 
uniform surface appearance is obtained. the nature of the remaining 
surface pits will be examined by an electron microscope available 
through another laboratory. 
extensive irradiation of polycrystalline and monocrystalline targets will 
be made. 
Comparison of surface structure after 
Assembly of the electron-bombardment ion source for  implantation 
of radioactive ions has been completed. 
300 p a  to 1 ma has been obtained with argon. 
operation is hindered by the capability of the vacuum system borrowed 
f o r  this  experiment, and the source is now being t ransfer red  to  a system 
with the necessary vacuum capability. 
source-target system will be carr ied out with nonradioactive argon and 
krypton. 
implantation experiments so that the effects of lower irradiation upon 
penetration and the approach towards a saturation distribution can be 
determined. 
In preliminary tes t s  a beam of 
Further  calibration and 
Initial t es t s  of the entire 
This apparatus will then be used to  extend the range of the 
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VII. CESIUM SPUTTERJNG OF MOLYBDENUM’” 
The yield and angular dis i i  ibution of molybdenum sputtered under 
normal bombardment of the (100) face has been measured as a function 
of target  temperature (77OK < T < 20OoC) and incident ion energy 
(1.0 I E 7.5 KeV). The experimental apparatus, procedure, and 
target  preparation have been previously described. * The resul ts  a r e  
shown in Table 1 
resul ts ,  which will  be discussed in detail in  a forthcoming publication, 
and the yield S(E) is plotted in Figure 5. These 
a r e  consistent with a model of sputtering that emphasizes the importance 
of ion penetration and considers focused collision chains to be of secondary 
importance. 
annealing of radiation damage in molybdenum. 
This interpretation is supported by comparison with thermal  
5 
.L ‘. 
The work reported in this section was performed by J. B. Green, 
N. T. Olson, andH.  P. Smith, Jr .  
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RELATIVE ANGULAR YIELD 
DATE: 3/24/66 ION: Hg+ ENERGY: 10 KeV TARGET: Cu TEMP: 293OK 
atom TOTAL YIELD: 8.62 ion 
BEAM-TARGET ORIENTATION: BEAM AXIS - Parallel to  target  norm 
PERCENT YIELDS: ANGULAR =18.0; FRONT = 75.4; BACK = 2.6; TOP = 1.85; 
BOTTOM = 2.15. 
CURRENT DENSITY: - 20 p,a/cm2 ; CHAMBER PRESSURE: 2 x lo -?  Torr.  
TARGET NORMAL - < 100> 
BEAM DIAMETER: - .6 cm 
FIGURE 3: Relative angular yields 
Microphotograph (600 X) of monocrystalline aluminum 
irradiated with 10 KeV cesium to an  average of 0.86 
x 1019 ions/cm2. This photograph i s  taken of the highly 
pitted area near the edge of the irradiation zone. 
FIGURE 4 
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FIGURE 5 
Sputtering yield versus  incident ion energy a s  a function 
of target  temperature. Bombardment was normal to the 
(100) crystallographic face and to the surface. 
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